Nitrogen-polar III-nitride heterostructures present unexplored advantages over Ga(metal)-polar crystals for optoelectronic devices. This work reports N-polar III-nitride quantum-well ultraviolet light-emitting diodes grown by plasma-assisted molecular beam epitaxy that integrate polarization-induced p-type doping by compositional grading from GaN to AlGaN along N-face. The graded AlGaN layer simultaneously acts as an electron blocking layer while facilitating smooth injection of holes into the active region, while the built-in electric field in the barriers improves carrier injection into quantum wells. The enhanced doping, carrier injection, and light extraction indicate that N-polar structures have the potential to exceed the performance of metal-polar ultraviolet light-emitting diodes. III-nitrides are direct gap semiconductors that span a large range of energies ranging from 0.7 eV (InN) through 3.4 eV (GaN) to 6.2 eV (AlN). This makes them uniquely suited for visible 1 and ultraviolet light-emitting diodes (UV LEDs).
III-nitrides are direct gap semiconductors that span a large range of energies ranging from 0.7 eV (InN) through 3.4 eV (GaN) to 6.2 eV (AlN). This makes them uniquely suited for visible 1 and ultraviolet light-emitting diodes (UV LEDs). 2 The built-in polarization-induced electric field in wurtzite III-nitrides 3 has led to their application in high electron mobility transistors (HEMTs) and Zener tunnel diodes. [4] [5] [6] But polarization is often viewed as deleterious for heterostructure quantum-well (QW) light emitters due to the reduction of the oscillator strength of optical transitions by the quantum-confined Stark effect. 7 As growth of GaN heterostructures along the N-polar crystal orientation matures, it is timely to investigate its potential advantages in electronic and optoelectronic devices. It has been found that N-polar structures are advantageous for HEMTs, 8, 9 Zener tunnel diodes, 10 and photovoltaic devices. 11 Recently, N-polar 540 nm green LED has been demonstrated. 12 In this work, we discuss the potential benefits of N-polar LEDs and then demonstrate N-polar QW LED with integrated polarizationinduced p-type doping.
The overall conversion efficiency of LEDs is given by the product g tot ¼ g inj Â g rad Â g extr , where the three efficiencies are the injection, radiative, and extraction efficiency, respectively. Wide-bandgap III-nitrides suffer from poor p-type conductivity because of the large activation energy (E A ) for Mg acceptor dopants (Refs. 13 and 14) . Since E A ) kT (k: Boltzmann constant, T: temperature) at room temperature, the low-level of thermal ionization results in poor hole concentration and consequently low g inj . Recently, polarization engineering and asymmetric QW have been used to improve the electron and hole injection into the active region of metal-polar 273 nm UV LED. 15 Besides, polarization-induced p-type doping by compositionally grading GaN to AlGaN along N-face has been demonstrated to increase g inj by improving conductivity in III-nitride UV LEDs. 16 Moreover the higher bandgap graded p-type layer would stop the re-absorption of emitted light by itself, resulting in higher g extr . Traditional electron blocking layers (EBL) are sharp AlGaN/GaN heterojunctions, as shown in Fig. 1(a) in which the unavoidable valence band offset also blocks hole injection and decreases g inj . In N-polar structures the polarization-induced p-doped cap layer acts simultaneously as an electron blocking layer while removing any energy barriers from the path of holes as shown in the energy band diagrams (simulated using SimuAPSYS) in Fig. 1(b) . This feature has been demonstrated by Wang et al. 17 as a solution to the efficiency droop problem in InGaN/GaN light emitting diodes grown along Ga-face GaN substrate with the p-type layer at the bottom (hole injection along [0001]).
The advantages of N-polar heterostructures are not restricted to the ease of integration of polarization-induced doping alone. For hole injection along the ½000 1 direction in III-nitride QW LED structures, polarization-induced electric field in the barrier region opposes [ Fig. 1(c) ] the injection of electrons and holes into the QWs. But when the hole injection is along the [0001] direction, the electric field assists (Fig. 1(d) ) carrier injection into the QWs, thus increasing g inj . Figs. 1(c) and 1(d) show simulated energy band diagrams which illustrate this phenomenon for GaN QWs incorporated between Al 0.15 Ga 0.85 N barriers on Ga-face and N-face GaN substrate, respectively. Moreover, N-polar IIInitrides can be grown at higher temperatures compared to metal-polar leading to better crystal quality. 18 This reduces the non-radiative recombination centers in the crystal and increases g rad . Besides, g extr has been shown to increase for III-nitride based LEDs by surface roughening through photoelectrochemical wet etching of N-face 19 which is the far more chemically active crystal face in III-nitride semiconductors. 20 We now report the realization of QW UV-LEDs on N-face GaN integrated with polarization-induced p-type doping. Polarization-doped(p-doped) AlGaN-GaN p-n heterojunctions were grown without (device A) and with (device B) GaN QWs with the growth performed along N-face using plasma assisted molecular beam epitaxy (PAMBE) on commercially available n-type free-standing N-face GaN substrates. The growth was performed under metal-rich conditions, and a constant nitrogen RF power (275 W) was maintained. The Al flux from an effusion cell is exponentially dependent on the temperature of the effusion cell F Al exp(ÀE Al /k b T Al ), where E Al is the activation energy, T Al is the Al cell temperature, and k b is the Boltzmann constant. To achieve linear compositional grading, T Al was increased logarithmically with time from (1.0 ! 1.8) Â 10 À8 Torr. The Ga effusion cell temperature was kept constant at F Ga ¼ 1.0 Â 10 À7 Torr. Si and Mg were used for n-and ptype doping, respectively. Devices A (p-doping, no QWs) and B (p-doping, 3 GaN QWs) were grown using these conditions. Figs. 2(a) and 2(b) show the measured and simulated x-ray diffraction (XRD) triple-axis x-2h scans of the 2 samples obtained using PANalytical XRD system. X'pert epitaxy from PANalytical was used for simulation purposes.
The fringes around the primary GaN (002) peaks are due to the interference between layers of different compositions and thicknesses. The QWs in device B result in an increase in intensity and number of fringes. A linearly graded composition of AlGaN was simulated with 100 steps. From the XRD scans the QW and barrier thicknesses were inferred to be t w ¼ 4.5 nm and t b ¼ 19 nm, respectively.
The samples were then processed into diodes by etching down to the n-type layer using Cl 2 based plasma in reactive ion etcher (RIE). The n-type contact metals (Ti/Au: 20 nm/ 200 nm) and p-type contact metals (Ni/Au: 20 nm/200 nm) were deposited by electron-beam evaporation. Thereafter, a wedge was cut from device B using focused ion beam (FIB) for transmission electron microscope (TEM) analysis. Fig.  2(c) shows a Z-contrast scanning transmission electron microscopy (STEM) micrograph of the processed GaN QW LED sample imaged at 300 keV electron energy. The Z-contrast is visible in the STEM image showing bright GaN QWs incorporated between the darker AlGaN barriers. The graded layer goes from bright to dark as the AlGaN composition increases. The layer thicknesses are consistent with those inferred from the XRD scan [ Fig. 2(b) ].
LED mesas of 100 Â 125 lm 2 size were tested for room temperature electrical and electroluminescence properties. The normalized room temperature EL spectrum of device B (with QWs) is shown in Fig. 3(a) , showing a polarizationshifted emission peak at k ¼ 382 nm corresponding to the QW optical transition energy. In addition, a shoulder (R) is observed extending to energies above the QW optical transition energy and beyond the GaN bandgap of 3.4 eV. This high energy emission shoulder is absent in the EL spectrum from device B [inset of Fig. 3(a) ]. The emission at energies higher than QW optical transition energy signifies radiative recombination occurring in the graded AlGaN layer due to partial electron spillover, indicated in the energy band diagram in Fig. 1(d) by "R". Fig. 3(b) shows the measured current/voltage characteristics of the diodes; a turn-on voltage near the band gap of GaN ($3.4 eV) and a high degree of rectification are observed. The lower current density for device B can be attributed to a higher contact resistance due to unoptimized p-type metal contact process for this sample, as can be inferred from the current/voltage characteristics. The results thus demonstrate the successful integration of quantum wells and polarization-induced p-type doping in N-polar III-nitride light emitting devices. In summary, a number of advantages of N-polar GaN heterostructures over metal-polar counterparts were outlined from the point of view of high-efficiency optical emitters such as LEDs and Lasers. N-polar heterostructures promise large improvements in the injection efficiency by (a) allowing for polarization-induced p-type doping and (b) aligning built-in electric fields such that they assist in the injection of electrons and holes into the quantum wells in the active region. N-polar GaN QW LEDs using polarization-induced p-type doping has been demonstrated in this work. The advantages and methods discussed can be exploited to improve the efficiencies of visible (blue/green) nitride LEDs and lasers. However, the ideas carry over to deep-UV lightemitting devices based on heterostructures with very high Al composition AlGaN layers, which are notoriously difficult to dope (both n-and p-type). It is in these devices that the properties of N-polar heterostructures potentially offer a window of opportunity to achieve higher efficiencies. 
